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EVALUATION
ihe report has been useful in indicating the possibility of optically

activated switching using semiconducting crystals in a Fabry-Perot

cavity, This design may eventually contribute to fast switching

components for C3 fiber optics systems related to TPO 3B.

BERNARD ABENDOW
Project Engineer

iv




I. INTRODUCTION

The purpose of this work was to investigate the applicability of

third-order nonlinear optical effects to the problem of making light-
activated optical switches for fiber optics communications. The first
two sections of this report describe two optical switches based on the j
change of refractive index induced in a nonlinear medium by an intense
light beam: in the first type of switch, the index change is probed

by a signal beam in a single-pass configuration; and in the second switch,

a resonant Fabry-Perot interferometer is used to enhance the signal
beam sensitivity to the induced index change.

An inherent diffaiculty with third-order nonlinear effects is that
they are generally observable only with relatively intense optical fields
which are incompatible with integrated and fiber optics. In the third
section of the report we therefore discuss our efforts toward finding
nonlinear liquid and solld media with large nonlinear susceptibilities
in an effort to reduce the pump beam power required in the switches

outlined above. The fourth section considers the possibility of enhanc-

ing the nonlinear susceptibility by tuning the pump and signal beams to
a Raman resonance of the nonlinear medium.

An interferometer can also be used to enhance the signal beam
sensitivity to nonlinear absorption induced by a pump beam, and in the
fifth section of the report we discuss the behavior of a Fabry-Perot
interferometer with intracavity excited-state or two-photon absorbers.
In our experimental investigation of such a device, using filter glass

as the excited -state absorber and CdS as the two-photon absorber, we

-1-

Yo




discovered that the interferometer switch could be activated by
anomalously low pump powers due to an induced index change in the
medium. Two possible mechanisms for this effect are discussed.

Finally, we present the results of our literature search to find

photorefractive materials and describe our experimental efforts to

observe the effect in a material reported to be photorefractive. 4
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II. OPTICAL KERR EFFECT SWITCH

The optical Kerr effect! is a nonlinear optical effect involving
the third-order susceptibility x(3), in which a strong optical frequency
electric field induces optical birefringence in a normally isotropic
medium. This effect is usually observed experimentally by probing

the birefringence induced by the strong, linearly polarized pump beam at

frequency wp with a weaker signal beam at frequency W linearly polarized at
some angle y to the pump polarization. In the absence of the pump
beam, the signal beam is blocked by an analyzing polarizer, but when the

pump beam is present, the induced birefringence in the nonlinear medium

causes the signal beam to become elliptically polarized, thus allowing
some portion of it to pass through the analyzer (see Fig. 1). The
application of this effect as a switch is straightforward, as the signal
. beam can be switched back and forth between the 'reject' and ‘pass’ ports
of the analyzer by turning the pump beam on and off.
For a linearly polarized pump beam, one defines two birefringent axes
parallel and perpendicular to the electric field of the pump. The signal
beam polarization is then resolved along these axes, and the difference

in refractive index A observed by the two polarization components is?
A-‘-GHH -Gnl

EENE) 2
= X B !

where n = linear refractive index of the medium, and Gnll and Snl refer

to induced index changes parallel and perpendicular to the pump polarization,




FIGURE 1.
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An optical Kerr effect shutter. In the absence of the strong
pump (I,), the signal beam (Is) exits from the reject port of

the analyzer; when the pump beam is present, part of the signal
beam is switched to the pass port.
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(3)

respectively. The exact form of the nonlinear susceptibility x
depends on the symmetry of the medium and on the frequencies wp and W
The phase shift induced between the two polarization components of the

signal beam after traversing pathlength £ through the medium is

l2

=WQB|E !
pump

where As = wavelength of the signal beam and B = 2w X(3)
s

/nc, the optical
Kerr coefficient. With the signal and pump polarizations at 45° to ome

another (y = 7/4), the transmission through the analyzer is
2
T = sin” (¢/2)

The pump intensity required to activate this switch can be calculated
using the known nonlinear susceptibilities of two highly nonlinear liquids,

CS2 and the nematic liquid crystal MBBA. Their optical Kerr coefficients

are3"’

B = 3.5 x 107’ cm2/erg
cs,

-6 2 °
BMBBA 2.9 x 10 ~ cm /erg (at 53°C),

The pump intensities required to induce 75% transmission of the signal

beam for a 1 cm pathlength for each material are given in Table 1.

!
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F7 TABLE 1 .
4
. 2 2
Liquid B(cm /erg) I(Md/em™)
s, 3.5 x 107/ 368
MBBA 2.9 x 1078 44

From these intensities it is clear that a device of this type would
not be a practical switch. MBBA is impractical because it must be kept
at a constant, elevated temperature (just above the nematic to isotropic
phase transition) and has a slow response time ( 50 nsec at 53°C)."
Although CS2 has one of the largest nonlinear coefficients of any liquid,
the pump intensity required to induce T = 75% is so high that other non-
linear effects (e.g., self-focusing, stimulated Raman and Brillouin
scattering) will set in and obscure the desired Kerr effect. In the
following sections, we will discuss various approaches we have taken in an
effort to obtain effective switching action with more manageable pump

powers.
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ITI. FABRY-PEROT INTERFEROMETER SWITCH - NONLINEAR INDEX

A more efficient way to take advantage of the intensity dependent
refractive index of a nonlinear medium is to place the medium within
the cavity of a Fabry-Perot interferometer. When the signal beam is
tuned to resonance with the Fabry-Perot cavity it effectively makes many
passes through the intracavity medium, thus increasing the path length
2, which results in a larger phase shift in the signal than would be
obtained in the single-pass Kerr switch due to a given induced index
change.

According to the simple plane wave theory of a Fabry-Perot inter-
ferometer having perfectly flat and exactly parallel mirrors, the

transmission is given by®

1
, 2
1 + F sin (k#)

T =

where

_ 2
F = IoRm/(l - Rm)

Rm = mirror reflectivity
ke = 2mng/A
s
As = wavelength of signal beam

¢ = spacing between mirrors

For a lossless interferometer, the reflectivity of the etalon is just
R=1-T. If we allow the refractive index of the intracavity medium

to be intensity dependent, i.e., n = n + Gnl‘, we have




2mn & 2mn,Q 2
— + ———  E
s s
where
) ‘
n, Z én; /|E .

Thus, it is possible to change the transmission of the interferometer L
simply by varying the intracavity intensity ([Elz). This device is

capable of operating in several different modes (bistable, transistor,

limiting) and is discussed in detail in Refs. 6 - 7.

.

Application of the nonlinear Fabry-Perot etalon as a switch requires

e

two light beams: (1) a weak signal beam (frequency wq) in near or exact

e,

resonance (high transmission) with the Fabry-~Perot cavity, and (2) a

oY

strong pump beam (frequency mp) that irradiates the nonlinear medium

without interacting with the interferometer cavity (see Fig. 2) either

i

because it does not pass through the mirrors or because the mirrors do not

reflect light at frequency wp. In one possible mode of operation, the

cavity is initially tuned (by varying the mirror spacing, ¢) so that

the weak signal beam is just off resonance, i.e., the transmission is

low, and the reflectivity is high. The pump beam can then change the index
of refraction sufficiently to tune the cavity into resonance with the
signal beam, resultinyg in the signal beam switching from the reflected f
to transmitted state. Similarly, one could initially tune the cavity

to high transmission at w, and then have the pump beam switch the etalon

to high reflectivity at W
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FIGURE 2. The Fabry-Perot interferometer optical switch. The in-
terferometer cavity is defined by the two mirrors of
reflectivity R, at w; with spacing ¢. A pump induced
index change in the nonlinear medium (n,) results in

the signal beam being switched between "the transmitted
and reflected states.




The induced refractive index change responsible for the nonlinear
behavior of the interferometer is identical to that responsible for the |
optical Kerr effect; the only difference is in the way the index change is
probed by the signal beam. In the Kerr effect, the pump and signal beams are
polarized at 45° to one another, so that the signal sees both Gnll and
571 and thus experiences a change in polarization state. In the non-~
i linear Fabry-Perot etalon, the signal and pump beam polarizations are 7

parallel to one another, so that the signal sees only a change in the

optical path length, due to the induced change in n. The relationship

between B and n, is given here

s'g

X(3)

o |3

The pump intensity required to switch the interferometer from the
reflecting to transmitting state (or vice versa) can be calculated from

the following expression using the known values of n, for CS2 and MBBA,

1

1+Fsin2(6 + v 1 )
(o} pump

T =

where

2mn, & 1013) cm2
X MV

- . 2
Ipump pump intensity (Mw/cm®) .

-10-




Assume that the interferometer is tuned for an initial transmission of
T=0.25 (R = 0.75) and we wish to switch to.T = 0.75 (R = 0.25),
assuming a mirror reflectivity of Rm = 0.80 (thus, the finesse ~ = 14).

The required pump intensity is given by

”
v I = arcsin(3/F)l/‘ - arcsin(.33/F)l/2
pump
3
1 = 04n/v
pump
.04 n C
S O -13 2
;-—IE;EEE— x 10 MW/cm®

The pump intensities required for switching a nonlinear etalon with CS2

or MBBA as the intracavity medium, along with the n2 values of CS2 and

MBBA, are given in Table 2.

TABLE 2 1
material n (cm3/erg) 1 (MW/cmz)
2 pump
cs, 1.2 x 10711 20.1 |
MBBA 9.0 x 1071} 2.7 f
A_J

Comparison of Tables 1 and 2 shows that for the same nonlinear
material, the nonlinear Fabry-Perot interferometer makes a much more

efficient switch than the Kerr effect. This can be attributed directly

-]l]l-




to the increased pathlength through the intracavity medium for the ’
signal beam due to the multipass nature of the resonant interferometer.
Although the finesse of a Fabry-Perot interferometer is defined as the
ratio of the frequency spacing of the transmission maxima to the i
frequency bandwidth of a single transmission peak, it is also a fairly
direct measure of the number o1 round trip passes the signal beam makes r
through the resonator. Thus, we see that for an etalon finesse of 14, h
the switching intensities required in the Kerr effect switch are about r
17X greater than thosc required for the interferometer switch.
We have investipgated this type of interferometer switch experimentally
using a HeNe signal beam (AS = 632.8 nm) and a SHG of Nd:YAG pump beam
(xp = 532.0 nm) with both C52 and allo-ocimene (see next section) as the
nonlinear intracavity media. The interferometer mirror reflectivity was
Rm = 0.93, the mirror spacing was set to 1.6 cm, and an uncoated optical
cell (optical pathlength of 8 mm) containing the nonlinear medium was
placed in the cavity, canted slightly off axis so that reflections from
the cell surfaces would not interfere with the main signal beam. With
either liquid in the cell, the measured peak transmission of the inter-
ferom ter was about 207 and the finesse was measured to be " 20 (theoretical
finesse tor R, = .93 and perfect alignment is - = 43). The interferometer
was initially tuned to resonance (by piezoelectrically varying the
cavity spacing), so that the pump pulse should have caused a decrease in

transmission. We were unable to observe this predicted behavior, however,

and attribute our difficulty to thermal gradients induced in the nonlinear




liquids by the pump radiation. Thermal gradients cause index gradients
that distort the phase front of the signal beam in the cavity, thereby
degrading the interferometer's finesse and reducing the transmission of
the signal even when the cavity is tuned to resonance. In CSZ’ phase
distortion occurred for pump intensities larger than 5 MN/cmz, well below
the calculated intensity (~ 30 Mw/cmz) required to switch the etalon

from the transmitting to reflecting state; the behavior of the allo-
ocimene was comparable. 1In both cases, the interferometer finesse

and transmission recovered after the pump radiation was turned off with

a time constant of one or two seconds.

-13-
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IV. THIRD-ORDER NONLINEAR SUSCEPTIBILITY

A. x(3) in Liquids and Solids

The two types of switches outlined in the preceding sections would

(3)

both be feasible if materials with larger values of were available.

3)

Unfortunately, CS., seems to have the largest x ~of any liquid reported

2
in the literature,®=12 with the exception of some of the liquid crys-
tals,“ whose importance to this application can be discounted because

of their slow response and requirement of being kept at a constant,

elevated temperature.

In an effort to find liquids with larger nonlinear susceptibilities,
we have examined solutions of several linear conjugated molecules, a
class of organic molecules that has been reported13’1“ to show very large
values of x(3). The polarizability of the molecules in this class
increases nonlinearly with the length of the molecule due to the m electron
delocalization associated with the conjugated double bonds, resulting in
strong enhancement of the electronic contribution to nonlinear optical
properties with increasing chain length. We have measured the relative

magnitude of the optical Kerr coefficient B for several conjugated

molecules with respect to that of CS2 using the experimental arrangement

shown in Fig. 3, with Xp = 1.06 u (Nd:glass laser) and AS = 632.8 nm

(HeNe laser). The results are given in Table 3. Only allo-ocimene has

a B value that is somewhat larger than that of CSZ' This does not conflict
with Hermann's roportl“ of Increasing nonlinearity with chain length

but merely reflects the fact that the saturation concentration of the
molecules in a solvent decreases with increasing chain length, partially

offsetting the concomitant increase in nonlinearitv due to the reorienta-

~14=

o L ———




FIGURE 3.
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Experimental arrangement for measuring relative magnitude

of x(3) in conjugated molecules. The code is: L1 Q-switched
Nd:glass laser (1.06 u); L,, HeNe laser (.633 u); DP, dielec-
tric polarizer at 1.06 u; gs, uncoated glass beamsplitter:

F, filters; PDl, photodiode detector to monitor 1.06 u radia-
tion; CL, cylindrical lens; SL, spherical lenses; P, calcite
polarizers; C, cell containing nonlinear liquid: M, mirror;

A, aperture; PMT, S$-20 photomultiplier detector.




tional and electronic contributions per molecule. Thus, the overall

nonlinear susceptibility of a pure liquid, like allo-ocimene
(N = 3.6 x 1021 molecules/cm3) with few double bonds (3), is larger than

19

that of a much longer molecule like B-carotene (N = 10 molecules/cm3

in benzenel!3). Our conclusion is that CS2 and allo-ocimene have the
largest optical nonlinearities of any liquids available to us for practical
device applications, and they are comparable.

Thus far we have considered only liquids as nonlinear media for
switch applications, primarily because the molecular densities of gases

(3)

are much too low to yield large macroscopic values of ¥ , and the use
of solids introduces several new problems, the most serious of which are
their low thresholds fqr optical damage and their poor optical quality.
The most highly nonlinear class of solids, with the fastest change in the
refractive index (all electronic), seems to be the semiconductors, many

of which are relatively soft and therefore difficult to polish. The
resulting small surface scratches and imperfections reduce even further
their threshold for laser intensity induced surface damage. A further
problem with solid media is that they often exhibit bulk strain induced
birefringence which can allow an undesirable amount of the signal beam

to leak through the analyzer in the Kerr effect switch, thus decreasing
its dynamic range. The Fabry-Perot interferometer type of switch requires
homogeneous intracavity media with flat surfaces for optimum performance,

since phase distortions in the wave front of the signal beam can severely

degrade the finesse of the interferometer (e.g., surfaces polished flat

~16-




TABLE 3

Conjugated Molecule

No. of Double Bonds

Solvent

!

Isoprene

Allo-ocimene

all-trans Retinol

all-trans Retinal

B-Carotene

2

11

pure liquid 0.1

pure liquid 1.7

chloroform 0.1 4

chloroform 0.4

benzene 0.4

2_
10%

10%

107%

*
This value includes a contribution from the nonlinear susceptibility

of benzene (Xbenzene/XCS = .14
2

11).

TABLE 4

-17-

E Material Wavelength (um) Xi?) (cm3/erg)
cs, (liquid) .6943 3.1 x 10712
10
Ge (m3m) 10.6 1.0 50% x 10
-12"
Si (m3m) 10.6 6. 507 x 10
- g 167
GaAs (43m) 10.6 9.7 x 10
_ _1**
CuC (43m) .6943 3.3 2.0 x 10
%
Ref. 15
*k
Ref. 16
Rk
Ref. 17




to A/20 over the signal beam aperture will limit the cavity finesse to |
10), thus decreasing the switch’'s sensitivity to the induced index change

(3)

and lowering the maximum resonant transmission. The ¥ values of only P
a few semiconductors have been reported, and they are given in Table 4,

along with the corresponding value for CS, used as a reference. As can

2
be seen, with the exception of Ge (which is opaque for wavelengths shorter
than 1.9 u), semiconductors offer no significant increase in x(s) over

the liquids considered thus far, so in light of the other difficulties

associated with solids, we can conclude that they are not practical

media for use in the nonlinear switches described previously.




(3)

B. Resonant Enhancement of x

So far in this report, we have treated the nonlinear susceptibility

of each material as a dispersionless constant, independent of w , W

or any combination of wp and W This is only approximately correct,

(3)

for although x is fairly constant over broad ranges of frequency, it

can experience strong resonant enhancements for certain values of w_,

wes and wp + wee Therefore, x(3) is usually written as the sum of a
(3) (3 ,
nonresonant term (xNR ) and of several resonant terms (XRES) which

individually may become important only for specific input frequencies

and combinations of input frequencies.

3 - xé?*‘ ) xlg; . (1)

All nonlinear coefficients reported so far were based solely on the
nonresonant susceptibility xég) due to electronic and reorientational
contributions. The resonant term in Eq. (1) is summed over several

types of resonances, which include, in two frequency experiments, one-
photon resonances (wp, ws), two-photon resonances (pr, ZmS, w + ws),

and Raman resonances (wp - ws). The requirement for a resonant enhancement
to occur is that there be a real transition in the nonlinear medium
corresponding to the exciting incident frequency or to an appropriate

sum or difference of incident frequencies. For two beam experiments of

the type discussed in the first two sections, the most important resonances

3

are the Raman type, i.e., internal vibrational contributions to ¥ , which
occur when the difference between input frequencies (mp - wg) is equal to

a vibrational frequency (phonon) characteristic of the nonlinear liquid

~19-
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(solid).l8

In the vicinity of an isolated Raman resonance, the dominant term

(3)

in the sum over XRES in Eq. (1) is

2
- - +
RAMAN — wp (wp w) + ATy (2)
where N = molecular density of medium

(all)2 = diagonal Raman tensor element per molecule

we = frequency of the Raman vibration

FR = linewidth (HWHM) of the Raman vibration.

This resonant susceptibility is proportional to the differential spontaneous

Raman scattering cross section per molecule (do/d?) for the mode at wg

through the relationship

4
2 _ L do
(@) —(ws) G

(3)

From £q. (2) we see that the amount of the enhancement in x when

is determined by T and do/d. The

(3)
RES

(W = w ) is .uned exactly to w
p s R

inverse dependence on ' is a common feature of due to non-Raman
mechanisms as well and results in only modest enhancements when one- or
two-photons are resonant with a broad absorption band.

For both the Kerr switch and the Fabry-Perot interferometer switch,

the signal at the detector depends upon the square of the induced phase

-20-




change experienced upon traversing the medium, and therefore on the square

of the magnitude of X(B). Thus,

2
(3 (3)
I
s © DR’ * xgavan!
(3)
[wg = dw + AT}% + 12
[wR - Am]2 + Fz
where Aw = wp T W, and we have defined a resonant enhancement parameter,
A, where
N(a )2
Az )
48hc.xNR

Equation (3) is plotted in Fig. 4 as a function of the frequency difference
Aw tuned through wes assuming an enhancement factor A = 2.0 and linewidth

I =1.0 cm—l. Note that the peak intensity depends solely on A; thus A
(3)

is an indicator of the amount of enhancement in obtained by tuning to

a Raman resonance. Values of A for several liquids have been reported

in a recent publication!® and are listed in Table 5 along with their
3
corresponding values of XNR

(3)
NR

Only C exhibits significant resonant

(3)

6112

is so small that its overall on Raman

(3)

resonance is still much smaller than XNR for CSZ'

enhancement, but its x
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FIGURE 4, Plot of Eq. (3). Vertical axis is proportional to the
signal intensity (Ig); horizontal axis is the mistuning
of the difference between the signal and pump frequencies
(wp - wg) from the Raman mode (wR). Values of the para-
meters in Eq. (3) are A = 2.0, I' = 1.0 cm™".




TABLE 5

Liquid

Cellg

(o]

C6H5CR

C6H5N

612

w (cm_l A
992 1.88 ¢+ 0.08
656 1.02 ¢+ 0.11
1002 0.73 + 0.05
991 1.07 + 0.07
802 4.15 + 0.25

(g) (10*14 cm3/Q;gl
4.23 + 0.19
23.4 1.2
7.62 + 0.53
4.46 + 0.3
0.56 *+ 0.04

~23~




V. FABRY-PEROT INTERFEROMETER SWITCH ~ NONLINEAR ABSORPTION

Because of its multipass nature, a resonant Fabry-Perot interferometer
is sensitive not only to induced index changes in the intracavity medium
but to induced absorption as well, so that a small change in absorption
within the cavity can have a large effect on the total transmission and
reflection of the etalon. 1In the following section, we will show that
it is possible to make an effective light activated switch by placing
a material whose absorption at Wy increases with the light intensity at
wp (nonlinear absorber) within the interferometer cavity.

The transmission (T) and reflectivity (R) of a Fabry-Perot inter-
ferometer with an absorbing intracavity medium are (in the plane wave

approximation, assuming perfectly flat and parallel mirrors)

2
2 - -
(1-RrR) e/ -re™
T = m m
1+ F sinz(kz)
-alf 2
R (L=& )y 4 F sin’(k2)
m ~afl
1 - Rme
R = 3 s
1 + F sin” (kR)
where —a2
4Rme
F =
-al,2
(1 - Rme )
a = absorption coefficlent of intracavity medium.

With the cavity tuned to resonance [sin(k?) = 0], these expressions reduce to
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Qa-Rr )2e—al
T = S (%)
(1 -Re™™)
1 - e-al 2
R =R ( ) . (5)
m 1 - Rme—al

Note that if o is set equal to zero, these expressions yield T = 1, and
R = 0; and if a >> 2-1, they yield T = 0, and R = Rm' The latter result
is to be expected, since an opaque intracavity medium will prevent the
signal beam from reaching the second mirror of the interferometer, in
which case the problem reduces to simple reflection from a single mirror
of reflectivity Rm. In Fig.5 we have plotted T and R from Egqs. (4) and
(5) as functions of the absorption a for five values of finesse, assuming
2 =1.0 cm. The F = 0 curves correspond to the case of single-pass
absorption of Wes i.e., no cavity is present. These curves show that the
use of a cavity of even modest finesse (v 10) dramatically enhances the
sensitivity to o over the single-pass case.
The behavior of a switch based on this device can be deduced from
Fig. 5. The cavity is initially tuned to resonance at w, so the transmission
of the signal is high and the reflectivity is low. When the strong beam
at wp is present, the induced absorption at Wy will destroy the finesse
of the cavity, thus causing the signal to be reflected rather than
transmitted. In a high finesse cavity, a relatively small increase in a
will result in a large decrease in T with little energy loss in the absorbing

wedium (in the limiting case, the loss =1 - Rm). The advantages of
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(a)

(b)

FIGURE 5.

1.0 4
-
4
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1
0.5 4
1
1 ~
0.0
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F =30
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0.0 0.5 1.0 1.5 2.0
alk

(a) Transmission of a resonant Fabry-Perot interferometer as a
function of the intracavity absorption, uw., for different values
of finesse (/' = 0, 10, 20, 30, 40) [Eq. (4)). (b) Reflectivity
of the resonant interferometer for the same conditions as in

(a) [Eq. (5)].
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placing the absorber in a resonant cavity are two-fold: (1) the switch
sensitivity to induced absorption is increased over the single-pass case;
and (2) much of the signal that is not transmitted is reflected by the
etalon, rather than simply lost to absorption, as occurs in the single-
pass case. |

In general, one will expect to introduce some linear loss at frequency

wg by inserting a liquid or solid medium in the interferometer cavity,
either due to surface reflections, scattering or linear absorption. If
all of these losses are described by a single, effective absorption

coefficient a_, we can write the total absorption coefficient as

a=oa + al(Ip)

where al(Ip) is written to show that the induced absorption depends upon
the pump beam intensity. With an initial absorption ol and mirror

reflectivity Rm, one finds that the finesse is

/R e-aol
m

F = (6)

-aol

1 - Rme )

For a = 0, this reduces to the usual form F = n/ﬁ;/(] - Rm). We see that
the effect of @ is to decrease the finesse [Eq. (6)], which decreases the
peak transmission [Eq. (4), Fig. 5] and increases the reflectivity of

the interferometer. For a given value of as then, it is important to

choose Rm carefully so that the initial transmission of the etalon is




sufficiently high, but the finesse is not too severely degraded. For

example, 1if aol = .05 and Rm = 0,90, the finesse = 20.2 and T = .46, so
that although the finesse is high, the maximum transmission of the switch
is only 467 in the 'on' state, and the reflected component is 0.10

(ideally R = 0). A better choice of mirror reflectivity would be Rm = .65,

which would result in a low finesse (F = 6.5), but good transmission in

U

the 'on' state (T = .80, R = .08). In Fig. 6 we have plotted T, R, and

1 - (T + R) (loss to absorption) for an etalon with uol = ,02 (which
corresponds to a single-pass loss through medium of 2.0%) and Rm = .85.
For these values, the interferometer has a finesse of 17.2. 1In the ‘'on'
state (a = ao), the transmission is 79.2% and R = 1.2%. 1In the 'off'
state (in which we assume a = 1.0 cm—l), the reflectivity is 71.9% and
T = 1.8%Z. Thus, the net loss of the switch is ~ 307%.

We have investigated this type of switch with media that owe their
nonlinear absorption properties to two different mechanisms: (1) excited-

state absorption, and (2) two-photon absorption. In an excited-state

absorber, the wp beam is partially or fully absorbed in the medium, thus
exciting part of the ground state population into the absorbing state.

The beam at W which initially traversed the sample (in its ground state)
without any absorption, then excites transitions from the excited state
(populated by wp) to even higher lying levels. The sample thus absorbs
radiation at we until the excited state population decays away (with time
constant 1). This dependence of the absorption at wg upon a material

parameter (t) rather than upon the pump pulse duration is a disadvantage




1.0 . 1

FIGURE 6.

Transmission (T), reflectivity (R), and absorptive loss
[1 - (R+ T)] of a resonant Fabry-Perot interferometer as
a function of the intracavity absorption. The initial
cavity characteristics are: o ¢ = .02 and R_ = .85,
yielding a finesse of 17. m
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for fast switching applications because many relatively efficient excited
state absorbers have long excited state lifetimes and would thus limit
the duty cycle of the switch.

(3)] effect in which :

Two-photon absorption is a ronlinear optical [x
photons from each of the two input beams (ms, wp) are simultaneously '
absorbed, although neither photon individually is energetic enough to

excite any transitions in the medium (i.e., the medium is transparent

to up and ws). The transmission of the signal beam is described by

-BIpz
Is(z) = IS(O)e

where 28 = two-photon absorption coefficient (frequently expressed in units of
cm/MW and Ip is the pump beam intensity (Mw/cmz). Because there are no
intermediate states to be populated, the duration of the absorption at

wy is determiend bv the pump beam duration, not by anv material parameters.
Thus, unlike the case with manv excited-state absorbers, it is possible

to induce nanosecond duration absorption at w e The disadvantage of two-
photon absorption is that it is usually a weaker effect than excited state

absorption.
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A. Intracavity Excited-State Absorber

Our first experiments on the nonlinearly absorbing Fabry-Perot inter-

ferometer switch were done with glasses exhibiting strong excited-state
absorption as the nonlinear media. Glass media are attractive for this .
application because they can be made with good optical quality and are

relatively hard, thus making it poesible to cut and polish them to the \
flatness required for intracavity use. We therefore searched through

30 glass color filters from Schott, Hoya and Corning in an effort to find

the sample with the largest absorption at 632.8 nm induced by a 10 ns

duration pump pulse at 532.0 nm (these laser wavelengths were chosen

because they were conveniently available in our lab). We found that the
best choice was Schott 0G-530, an orange, sharp-cut, long wavelength pass
filter with its absorption edge near 532.0 nm (u532. = 1.5 cm-l). The
characteristics of this material were measured using the experimental set-up
shown in Fig. 7, and the results are shown in Fig. R. Fipgure B(a) shows

the transmission through a 3 mm thick sample as a function of the pump
energy density (1.0 J/cm2 corresponds to a 2.5 m) pulse). Figure 8(b) is

a photograph of an oscilloscope trace showing the time decay of the

induced absorption of the signal beam. The relaxation time of the tail is

estimated to be » 40 us. Although the optical quality of Schott filter

glass is not very good, we were able to obtain a special piece from Schott

-6
with verv low inhomogeneity (un £ 2 x 10 ) and had it polished with two
opposite faces flat to 1/20. The measured transmission at Brewster's
angle was only about 88% at wes which implies an a = .14 c¢m (pathlength {

through the sample at Brewster's angle is .89 cm). This is much higher
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FIGURE 7. Experimental arrangement used to measure excited-state absorp-
tion in filter glass 0G-530. The code is: P, polarizers;
M, mirrors; ND, neutral density filters; L. 50 cm focal length
lens; L, 36 cm focal length lens; BS, beam stop; F, 632.8 nm
intertefence filter; PM, prism; PD, photodiode detector. The
pump and signal beams cross in the sample at an angle of ~.5°,
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of the pump energyv density, measured with the apparatus shown

in Fig. 7.
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than anticipated from measurements made on the original filter; the difference
is probably due to melt-to-melt variations in the glass production.

With this piece placed in the interferometer cavity (Rm = .93 at
632.8 nm), we did observe the expected switching behavior with the
experimental arrangement shown in Fig. 9. Figure 10 shows the decrease
in transmission observed when the sample is within the cavity [Fig. 10(a)],
and when the cavity is removed [Fig. 10(b)], for the same pump intensity.
In this case, an induced single-pass absorption of 247 caused a decrease
of the interferometer transmission to Vv 247 of its initial value. Thus,
the effective 'gain' of the interferometer was about a factor 3. However,
the overall transmission of the interferometer was only 14% because of the
large linear absorption in the 0G-530 glass. The calculated values of

1

the transmission, reflectivity and finesse of a cavity with ao = .14 cm ,

2 = .89 cm, and Rm = .93, are given in Table 6 along with the measured values.

TABLE 6
T R F
Calculated .14 .40 16
Measured .17 .57 14
For acavity with finesse 14, an induced single-pass absorption of 247 is N

calculated to yield a transmission of 20%, which is in reasonable agreement

with the measured value of 247.
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i FIGURE §

SOV SR

(a) Photograph of experimental set-up used in investigation of the Fabry-Perot N
interferometer optical switch.

i
i
A =532 nm i
q
Y i
i
ND == o
¥
A =—t|4—1L2
; L1 <>
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(b) Schematic diagram corresponding to photograph in (a). The code is: M, mirrors;
A, apertures; L1, 50 cm focal length lens; L2, 25 cm focal length lens; ND, neutral
density filters; CF, color filters to block 532 nm; P, pellicle beamsplitter;
FP, Fabry-Perot interferometer; T, telescope; S, intracavity nonlinear absorber;
PD1, photodiode monitoring transmitted signal; PN2, photodiode monitoring reflected
signal.
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(c) Close-up view of the interferometer cavity with the CdS
crystal in place at Brewstoer's angle.
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Transmission

Transmission

FIGURE 10.

Time CLOD nse o em)
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(a)
Y
!
(b)
Experimental results with 0G-530 excited-state absorber (ao = .14 cm-l).

(a) Pump induced decrease in transmission of interferometer with intra-
cavity 0G-530 glass.

(b) Pump induced decreasce in singje-pass transmission of 0G6-530 due to
excited-state absorption (measured external to interferometer),

Pump powers in (a) and (b) arec identical; in both photographs, the
upper trace is the zero transmission level,
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In an effort to improve the transmission of the switch, we replaced
the special piece of 0G-530 material with an ordinary 0G-530 color filter
(3 mm thick). At Brewster's angle, the single-pass loss was < 1%, which
implies a < .03 cm-l. The measured transmission and finesse of the

cavity with and without the filter glass are given in Table 7.

TABLE 7
|
Empty Resonator 0G-530 Filter
T 70 + 10% 50 + 10% |
F 30 14 |

For Rm = ,93 and o = .03 cm-l, we calculate F = 36; the low value of the
measured finesse is probably due to bulk inhomogeneities and nonflat surfaces
of the filter. The measured finesse of the empty cavity is also well
below the calculated finesse (/' = 43), probably due to surface error in
the cavity mirrors (mirror surfaces are flat to A/20 over the entire
aperture; over the 1 to 2 mm diameter region probed by the HeNe laser,
the flatness should be better, but probably is not good enough to allow
a finesse of 43).

Figure 11 shows the induced change in transmission with the filter
glass in the cavity. 1In Fig. 11(a) and (b), the switch is initially in
the transmitting state and is switched to T ~ 15% by a pump beam with energy

density of .02 J/cm2 (single pass T = 937). The only difference between
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Time (100 nsec/cm)

Transmission

(c)

FIGURE 11. Pump induced change in transmission of Fabry-Perot inter-
ferometer with intrac.vity 0G-530 color filter. (a) and
(b) differ only in the initial tuning of the cavity.
(¢) shows pump induced increase in transmission for different
initial tuning and lower pump energv than in (a) or (b).




the conditions for (a) and (b) is the initial tuning of the cavity. 1In
Fig. 11(c), the etalon is initially partially transmitting, and the
transmission is increased by a pump beam with energy density .007 J/cmz.
The behavior indicated by these three photographs is completely different
from that observed with the other 0G-530 sample. In this case, the
induced change in transmission is due to an induced change in refractive
index, rather than to induced absorption. It is not possible for an
increase in absorption to cause an increase in transmission of the
interferometer. In addition, the induced absorption measured for the
conditions in Fig. 11 is too small to account for the large observed
changes in etalon transmissicn. For the conditions of Fig. 11 (a), the
single-pass absorption was measured to be 7%, which would result in an
interferometer transmission of 607 (cavity finesse = 15). This is greater
than the observed value of 15%. We attribute this behavior to an

index change in the sample induced by the partially absorbed pump beam
and will discuss possible mechanisms for this effect later on in the

report.
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B. Intracavity Two-Photon Absorber

The long relaxation time of the excited state in 0G-530 filter glass
makes that material unacceptable for application in a fast optical switch.
Because all of the other glasses we examined had comparable relaxation
times, we decided to replace the excited-state absorber with a true !
i two-photon absorber in the interferometer cavity. For the pump pulses

of ~ 10 nsec duration used in this experiment, the turn on and turn off

times of the switch will then be largely determined by the pump pulse
duration, although for shorter pulses, the interferometer lifetime

(£ 1 ns for a ] cm cavity) would become the limiting factor on the
switching speed.

Cadmium sulfide is known to be a good two-photon absorber and is

attractive in this applicaticn because it is transparent to the HeNe

signal laser and nearly transparent to the SHG Nd:YAG pump radiation

(u532 = .44 cm—l). Although many measurements have been made of the
two-photon absorption coefficient (B) for CdS, agreement among the
reported values is not good, and no determinations have been made for !

the wavelengths used in our work. Therefore, we have made a rough

measurement of 8 using the 532.0 nm pump and 632.8 nm signal beams F
(mp + w, = 4.29 eV) with an experimental arrangement identical to that |
shown in Fig. 7, We find that £ = .4 + .2 MW/cmz, which is higher than

indicated by a recent series of measurements‘? (w = 3.18, 3.56,

2-photon

3.91 «v), but may reflect an e¢nhancement due to the proximity of the

pump wavelength to the absorption edge of the crvstal. We have also
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measured the linear loss of our sample at Brewster's angle and find that
a = .08 cm‘-1 for an optical path length of 0.54 c¢m. Thus, for a

cavity finesse of 15, we expect a l MW/cm2 pulse to cause the inter-
ferometer transmission to decrease to about 50% of its initial value.

At this intensity level there is little danger of causing optically
induced damage to the CdS crystal.

With the 5 mm thick CdS crystal in the interferometer cavity at
Brewster's angle, the measured transmission was * 10% and the finesse
was v 15. The linear absorption is too low to account for such poor
transmission, which we therefore attribute to phase distortion of the
signal beam due to the poor optical quality of the crystal (CdS is very
soft and therefore difficult to polish to flat, scratch~free surfaces).
Experimentally, we found that the CdS caused strong switching behavior
for input intensities that were much too low to induce significant true
two~-photon absorption. In Fig. 12(a) the pump pulse has caused the
transmission to drop to 327% of its initial value for an input intensity
of 2 Mw/cmz. Although we have estimated that this intensity should be
able to cause significant two-photon absorption, we find that the single-
pass loss induced for a pump intensity of 5.6 MW/cm2 is only ~ 7%, which
is much too low to account for large changes in transmission with the
cavity present. This apparent disagreement with our measured value of
B is due to poor overlap of the pump and sigral beams in the crystal
when it is in the cavity. Also noteworthy in Fig. 12(a) is the long

recovery time of the transmission. The pump pulse duration is only
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FIGURE 12.
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Pump induced change in transmission of a Fabry-Perot
interferometer with intracavity CdS crvstal for different
pump energies and different initial cavity tuning. Pump
energy densities are: (a) 11.0 mJ/cmZ; (b) 39.8 ml/cm?;
and (c) 95.5 mJ/cm.




10 nsec, but during the 70 nsec shown in the photograph following the

pulse, the transmission increases only slightly toward its original

level [although 100 ms later, when the next pump pulse is fired, the

transmission has fully recovered; note that many successive traces are

shown in Fig. 1’(a)]. Figures 12(b) and (c) show the etalon trans-

mission for higher pump powers and different initial cavity tuning. In

both cases, the cavity is initially tuned for partial transmission, and

the pump pulse induces a sharp decrease in T. During the relaxation

period after the pulse, the transmission increases to the fully 'on'

state in (b), and then cveles through the fullv transmitting state back

down to the initial transmission in (¢). 1In both cases, the trans- '

mission fully recovers to its initial value before the next pump

pulse (100 ms), Simply by changing the initial cavity tuning, it is

possible to obtain waveforms similar to anv of those shown in Fig.12,

as well as waveforms that show an initial, sharp increase in transmission.

This behavior can be understood with the aid of Fig. 13, in which the

interterometer transmission is plotted as a function of the optical

length within the cavity (which can be varied bv changing the cavity

spacing » or the crvstal index of refraction n). In Fig. 13(a) the !

process responsible tor the behavior shown in Fig. 1.2(a) is indicated.

The cavitv is initially tuned to point A bv piezoelectrically varying

the cavitv spacing (). lhe pump pulse then causes a rapid index change E
.

(step function proportional to the laser energv) which tunes the cavity |

to point B, a transmission minimum. As the index slowlyv recovers
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(a)
C
1
(§+)) :
i
R
|
1
() !

>

Cavity tuning (nf)

Explanation of the interferometer transmission behavior observed
in Fig. 12 due to pump induced index change in intracavity CdS
crystal. (a), (b), and (c) correspond to 12(a), 12(b), and 12(c),
respectively. 1In all cases, A is the tuning of the cavity prior
to the pump oulse, B is the tuning immediately after the pulse,
and C is the tuning at the end .- the traces shown in Fig., 12

(v 70 nsec after the pump pulse:.
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toward its initial value, the transmission does not increase until the
cavity tuning recovers past point C, which requires a longer time than

is shown in Fig. 12(a). Figure 13(b) explains the behavior observed in
Fig. 12(b). The cavity is manually tuned to point A, and the pump induced
index change retunes the cavity to point B. As the index recovers

toward its initial value, the transmission moves along the tuning

curve to a maximum at point C [this is the situation at the end of the

oscilloscope trace shown in Fig. 12(b)]. When the pump pulse initially
induces the index change, the transmission must also follow the tuning
curve on its way from A to B, but no transmission peak is observed
because the response of our oscilloscope is inadequate to resolve the
peak produced by tuning from A through C to B in 10 ns. Figure 13(c)
corresponds to Fig. 12(c) and is interpreted as in (a) and (b) above;
the only difference is that the initial index change is greater because
the pump energy is greater in this case. As before, point A represents
the cavity tuning before the pump pulse, B represents the tuning immedi-

ately after the pulse, and C is the tuning at the end of the trace shown in

the photograph (» 70 ns atter the pulse).




C. Discussion of Experimental Results - Induced Index Change

Although the experimental results shown so far for the intracavity
filter glass and CdS crystal unambiguously indicate that the pump
induced transmission change is due to a change in index rather than in
absorption, the mechanism for this index change remains unresolved.

The two most plausible mechanisms are that: (1) the index change is

thermallv induced by the 532.0 nm light absorbed by the sample; and

(2) the index change is due to the population of excited electronic
states by the absorbed pump radiation. We have verified that the

mechanism is dependent on the absorption of the pump radiation by shift-

il Bl

ing the pump wavelength to the red where neither 0G-530 glass or CdS

is strongly absorbing (recall that 532.0 nm is near the absorption edge

e e * P
el i se ok

of 0G-530 and CdS). The results of this experiment are given in Table 8,

where the parameter n is defined as the ratio of pump energy density

2 . . s o .
(mJ/em”) to induced change in interferometer transmission (% of maximum

transmission). The increase in n for the two materials as \ moves to
P
longer wavelengths indicates that higher input energy densities are h

required to induce a given transmission change as the linear absorption

at mp decreases.

H

i |
| TABLE 8 ]
y s e -~ '
| \p(nm) = 532, 565, 600. 620. J '
i | ;
| * 2 1
' 0G-530 (mJ/em”) = 29 62 361 1100 i i
’n | b
*% i 1
Ccds n(mJ/cmz) = 26. 91 1 J
| !
*
’ for 0G-530, finesse ~ 20 ! i
J *k | !
L for CdS, finesse u 10 i :
e e e i
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We have made estimates of the magnitude of the index changes for
which each of the two mechanisms may account and compared these numbers
with the estimated index change required for the effects we observe.

The transmission of an interferometer as a function of the index

tuning awav from resonance (én) is:

1
T(én) =
1+ F sin?( 0L,
This is solved to yield
1/2
. o - 1,1 _
&n/n = Jani Aarcsin { = ( T 1)}

From this we find that for
of the transmission to 337
. -6
of dén/n = 2.0 x 10
The thermally induced
absorption of the material
its value of JIn/3T. These

listed in Table 9.7

an interferometer of finesse 15, a reduction

of its initial value requires an index change

index change can be calculated from the known
at 532.0 nm, its density, heat capacity, and

values are known in the case of CdS and are

e s s

TABLE 9

Heat capacity, C
4]

. . -1
Lincar absorption, o = .44 ¢m

532.
= .080 cal/gm - °K

Density, ¢ = 4.82 gm/cm3

Refractive index change with temperature, »n/aT = 1.0 x IO-a/K
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In Fig. 12(a) the switch transmission is reduced to ~ 327 of its initial
value by a pump pulse of energy density 11.0 mJ/cmz. Of the 807 of the
energy transmitted by the crystal surface, 20% is absorbed over the 5 mm
thickness of the crystal, causing a temperature increase in the illuminated
region of 2.1 x 10—3 K. This temperature Increase causes an index change of
sn/n = 8.7 x 10_8, a factor of 20 times smaller than that estimated tuv be
necessary to produce a transmission of 33%.

The magnitude of the index change produced by the population redistribu-
tion mechanism can be crudely estimated from a free electron model in
which the dielectric constant at w g is written as
+1 - (wpﬁ/ws)z ,

C(ms) = Ebound

where (Ebound + 1) is the contribution due to bound electrons and free
2 . .
space, and - (wpl/ws) is the contribution due to the free carriers created

by the absorbed pump photons. The plasma frequency, mpf' is given by

where N = density of photo-induced free carriers

*
m

n

effective mass of the free carriers,

If we assume that initially N = 0, the index change is simply due to the

free carriers created by the pump, and

r




Sn - 21Ne

mnw
s

Again for an incident energy density of 11.0 mJ/cmz, we find that

N=9.3x 1015 cm—3, which results in én/n = 1.3 x 10-6. Although this

index change is very close to the index change estimated necessary to cause

T = 337, it is almost certainly an overestimate, since this simple
free electron model has ignored the effect of trapped states which will
tend to decrease the number of free carriers. |

We have also estimated the relaxation time of a thermal or free

—— —

carrier induced change in the refractive index of CdS. From three-photon
induced conductivity experiments, Jayaraman and Lee?? have found that the
conductivity decay in CdS exhibits three distinct regions: (1) fast re-

laxation on the order of 1 usec due to free carrier recombination and

trap filling; (2) intermediate relaxation on the order of 35 usec due to

the release of electrons from traps; and (3) a very slow (“seconds) re-
laxation due to the emptying of low lying traps close to the equilibrium i
Fermi level. These relaxation times are not inconsistent with our results }
on CdS; however, we are unable to establish quantitative agreement because ]
the apparent relaxation of the induced index change observed with CdS in
the interferometer depends strongly on the initial cavity tuning. We are
therefore unable to make an accurate measurement of the true relaxation
time of the induced index change.

The relaxation time of a thermally induced index change can be roughly

estimated by considering the simple problem of transient heat flow in an
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infinite solid in one dimension. Assume that the pump laser induces a

Gaussian-distributed high temperature region described by

2,,2
T(x,t = 0) = Toe_x /A

where To = maximum initial temperature (at x = 0), and A = radius of the
heated spot. By solving the transient heat flow equation in one dimension,

one can show that the time behavior of the temperature at the spot center

is
T(x = 0, t) = T ——s— 7 (7)
(AT + 4ut)
where
a = thermal diffusivity = k/HCp
k = thermal conductivity
p = density
Cp = heat capacity.

From Eq. (7) we find that the temperature decays away to one-half of its

initial value after time t1/2, where
'S,
1/2 4o
For CdS, k = .2 watts/cm-K,%!  which yields « = .13 vmz/sec. Thus we find

that for CdS, t = 58 msec. Although this calculation was based on a

1/2

one-dimensional model, this value of t is probably correct to within

1/2
an order of magnitude and does appear to be too long to account for the
effects we have observed in CdS. However, our inability to accurately

determine the index relaxation time makes it difficult to conclusively

exclude the thermal mechanism from consideration.

SEU——
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In conclusion, we have observed strong switching of a Fabry-Perot
interferometer with intracavity CdS and 0G-530 glass for anomalously
low pump intensities. Order of magnitude estimates of the required

pump energies and of the relaxation time of the induced index change

for two different mechanisms suggest that the index change is due to
electronic rather than to thermal effects, but we are unable to con-

clusively identify the mechanism at this time.




VII. THE PHOTOREFRACTIVE EFFECT

We have conducted a computer-aided literature search in an effort
to find materials that exhibit photo-induced changes in their refractive
indices and are suitable for use in making photo-induced waveguides.
(Appendix A contains a list of the pertinent papers uncovered in this
search.) The criteria that a material must satisfy in order to be useful
are that: (1) the induced index change must be positive; (2) the index
change must be long-lived; (3) the index change must be sufficiently
large; and (4) the refractive index of the material must approximately
match the index of glass core fibers. The only attractive candidate
material we have found is Ge-doped silica glass, which has been used in
the core of optical fibers to construct Bragg reflectors.?

The Ge-doped silica sample that we obtained from Bell Labs exhibits
a striated structure that badly distorts the spatial distribution of
transmitted light. We were unable to remove the structure by annealing
the glass and therefore attempted to cut the sample so that light could
be transmitted parallel to the striae without distortion. This was only
partly successful, for although we were able to pass a laser beam through
the sample, much of the light was scattered out of the central core of
the beam.

., by

We attempted to measure the photorefractive effect in Ge:SiOz

using a strong laser beam (Ar ion laser, X = 514.5 nm) to induce a wave-
guide directly into the bulk of the sample. A second, weaker beam (HeNe
laser, » = 632.8 nm) is then used to probe for the existence of the in-

duced channel. 1Initially, the two beams are crossed at an angle ¢ in




the homogeneous sample (see Fig. 14). If the strong beam does cause
an index change, &n, the weak beam will be guided if 6 (¢ : 90° - o)
~xceeds the critical angle determined by the index change, thus result-
ing in an angular deflection of the weak beam. For a small index change
Sn, the critical angle dc is
GC = arcsin(l - én/n).

An induced index change of only 0.1% implies a critical angle ﬁc = 87.4°,
thus allowing an angular separation of the strong and weak beams of as
much as 2.6°.

In our experiment, the two laser beams were crossed at an angle of
¢ = 0.5° in the sample and were then projected onto a screen 60 cm away,
where their separation was 0.5 cm; thus any angular deflection of the
HeNe beam could easily be observed. The laser spot diameters at the
sample were measured with a linear diode array to be 140 u and 210 .
for the strong and weak beams, respectively. No permanent deviation
of the weak beam was observed after a 100 sec exposure with a strong
beam power ot 1.5 Watts (9.7 kW/cmZ), although there was a very small
temporary shift (v.1°) when the strong beam was present, probably due
to thermal effects. For a crossing angle of ¢ = .5°, we would expect
the probe beam to be guided for an index change of only én/n = 4 x 10—5.
Our inability to observe a deviation suggests that the poor optical
quality of our sample may have inhibited the photorefractive effect,
since this technique, which makes use of the total internal reflection
between the illuminated core and the surrounding medium, should be quite

sensitive,
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